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GLOSSAFY OF TERMS AND SYMBOLS 

Ai Incrementel area of one and two dimensional 
velocity distribution grids 

B Slot jet width 

S Distance between jet centerlines (units in 
feet) 

D Jet diameter (ft.) 

Q Volume flux (cu.ft./sec) 

Qo Initial vol.ume flux (cu.ft./sec) 

J Momentum f i  ux (ft. 4 /sec * 
Jo 2 Tr?ital momentum f~.ux (ftO4 /sec 

X Axi.e 1 distan.ce dGwnstream of jet source. See 
Fig. 1 

Y Direction parallel. to axis perpendicular to 
and through centerl.ines of the row of jets. 
See fig. 1 

z Direction perpendi.cular to X-Y plane of jet 
array. See fig. 1 

Jet array Row of jets 

Radial P e r p e n d i c u l a r  t o  jet a x i s  

U Velocity component along jet a x i s  or X axis 
(ft./sec) 

V Velocity component along Y axis 

kr Velocity component a.1.ong Z a x i s  

uo Maximurn initial jet velocity as measured at 
jet source (ft ./sec) 

Um Kaximum axial jet velocity as measured at B 
given downstream cross-section (ft./sec) 

U(r=1/2Ro) Axial velocity measured at midpoint Get- 

vi i 
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Section 

ween jet centerline and nozzle wall at 
jet source. 

Y-2 plane in which velocity distributions 
fal.1 

Ui Average of 2 0 0  instantaneous velocity 
readings that is assigned to a one or two 
dimensional. coorc'inate in the velocity distri- 
bution grid (ft./sec) 

Uiave Average velocity found by [t.?(i) + U(i+l.)]/2 
in the one dimensional grjd and by [ U ( i , j )  + 
U(i+l,j) +U(i,j+l) + U(i+l,j+l)]/4 for the 
two dimensional velocity distribution g r i d .  
(ft . / s e c )  

Re Reynol 8 ' s  number, based on naximurn nozzle 
velocity at the jet source and on the jet 
d iame t e r 

r Corre1.at.ion coefficient 
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Chapter I 

Introducticn 

The subject of this study is the free jet which 

results Prom the injection of a fluid through a row Of 

equally spaced nozzles (at turbulent Reynold's numbers) 

into an unbounded resevoir in which a second fluid is 

initially at rest. The focus of attention is on one 

particular property of the free jet - the mass flow 
rate across a section at right angles to the jet axis: 

m = i p  U dA eqn. (1) 

As fluid is injected into the quiescent environ- 

ment, the second fluid of this resevoir is drawn 

radially inwards towards the jet axis (in the case of 

the circular jet) or is drawn in along the Z axis (in 

the case of the slot jet) until it becomes part of the 

jet. This process is known B S  entrainment. 

The entrainment rate for a fluid issuing into a 

quiescent environment can be varied between the limi- 

ting entrainment rates of the single circular and slot 

jet by changing the jet spacing to jet diameter ratio 

(S/D). Choosing smaller S / C 1 s  results in entrainment 

rates closer to that of the slot jet, while larger 

S/D's result in entrainment rates which approach that 

of the circular jet. 

1 
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In a study of dilution jet mixing in compact 

reverse flow combustors for gas turbines, Lipshitz and 

Greber noted the need for and absence of information on 

the entrainment rate for a row of jets (ref. 6). 

It is the intent of this study to provide funda- 

mental data and its results on the effect that jet 

spacing in a row of jets has upon the entrainment rate. 

Chimney spacing required to givea specified dilution 

rate of exhaust gases into the environment, fuel to air 

mixing r a t i o s  in injection and carburation systems, the 

determination of jet interaction behavior in cases such 

as V/STOL aircraft and jet engine combustion chambers 

represent only a few of the many applications that 

require basic information on jet array entrainment 

rates. 

This study undertakes as its primary objective the 

establishment of entrainment rates for array spacing 

ratios of S / D  = 2.5, 5, 10, and 20. Velocity distribu- 

tions are determined at X/D = 16.4, 32.8, 65.6, 98 .4 ,  

131.2, and 164 at Reynold's numbers ranging from 5,110 

to 17,000. Centerline velocity decay rates are also 

presented in the results. 



Chapter I I 

PREVIOUS STUDIES 

Numerous measurements of the axial velocity pro- 

files have been made in studies of isothermal air jets. 

Inserting U(y,z) into equation (l), the mass flow can 

be determined by numerical quadrature. This is, how- 

ever, a time consuming and difficult procedure that 

many authors have circumvented by assuming a profile 

that permits analytical integration. Then by measuring 

the jet velocity at the axis and the distance from the 

axis at which the velocity is half of the center line 

velocity, the assumed velocity profile can then be 

scaled to that section. Obviously, the mass flux then 

becomes dependent on the ‘theoretical’ curve chosen by 

the author. 

The difficulties in determining detailed velocity 

distributions are l a r g e l y  a result of the limitations 

of the instrument used to make the velocity measure- 

ments - the pitot tube (ref. 9 ) .  At large distances 

from the jet axis, where the velocity of jet becomes 

very small and increasingly intermittant, the pressure 

differences are difficult to read because of their 

small and constantly changing magnitude. 

The limitations involved in determining detailed 
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velocity distributions and in curve fitting tb.e veloci- 

ty profile into an analytical form tha.t can than be 

integrated prompted Ricou and Spalding to formul-ate an 

experixental procedure that bypasses the integration of 

a velocity profile altogether. The two researchers 

devised their method on the basis of the following 

considerations (ref. 9): 

"In the ideal free jet which is under consid- 
eration, the surrounding resevoir is large and, 
except in the vicinity of the jet axis, at uni- 
form pressure; the entrained fluid flows radially 
inward towards the jet axis. If, however, a tur- 
bulent jet is partially enclose6 in circular walls, 
the radial infiow is impeded; the fluid entrained 
by the enclosed part of the jet has to flow axial- 
ly in the annular space between the cylindrical 
wall and the conical 'boundary'of the jet; the 
corresponding axial pressure gradients can be 
be measured. 
Now let us suppose that the cylindrical wall is 
made porous, and that a controlled and measured 
amount of fluid can be caused to flow through it 
in a radially inward direction. Then, if this flow 
is equal j.n quantity to that which would have 
passed through the area occupied by the wall if 
the wall had been absent, the axial pressure 
gradients reffered to in the last paragraph would 
disappear. 

This recognition underlies the experimental 
method which has been used: the flow rate through 
the porous wall is varied until no axial pressure 
gradients can be detected; this flow rate is then 
measured and presumed to be equal to that which 
would be entrained if the jet were unenclosed." 

A detailed discription of their apparatus and procedure 

may be found in reference 9. 

If we take the case of the isothermal free jet - where 

the temperature ofthe resevoir air is equal tothat of 
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fluid issuing into the resevoir - the entrainment rate 
reduces to the rate of change in the vol-ume flux. The 

volume flux itself can be expressed as a function of 

the initial volume flux, Qo, the distance fron the jet 

source, Z, the jet diameter or width, D or B, and the 

jet Reynold's number, Re, and the initial velocity 

profile. In nondimensional form, the expression becomes: 

Q/Qo = f(X/D or X/B, Re,initial profile) 

For a given nozzle geometry, a measure of the 

initial velocity profile, called the coefficient of jet 

structure, has been defined as a = 0.066(Um/Uo) where 

Um/Uo is a centerline velocity divided by the maximum 

initial velocity in a jet whose initial velocity pro- 

file is not uniform (fig. 2). The coefficient of jet 

structure increases from a base value of 0.066 (when 

the initial velocity profile is uniform) with increas- 

ing nonuniformity in the initial velocity profile. The 

product of a/0.066 and Um/Uo (where Um is a centerline 

velocity for a jet whose initial velocity profile is 

not uniform) now agrees with the theoretical curve (due 

to Tollmien) for the variation of velocity on the jet 

centerline. The dependence of the coefficient of jet 

structure on the initial velocity profile is shown in 

figure 3. The volume flux can then be expressed as: 

Q/Qo = f(X/D or X/B, initial velocity profile) 
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F i g u r e  25  shows a c e n t e r l i n e  v e l o c i t y ,  d e c a y  r a t e  

c u r v e  f o r  t h e  c i r c u l a r  j e t  t h a t  h a s  b e e n  a d j u s t e d  t o  

t h e  i n i t i a l  v e l o c i t y  p r o f i l e  of t h e  S/D = 20 c u r v e  j u s t  

above.  The c o ~ r e s p o n d a n c e  was s o  e x a c t  t h a t  t h e  c i rcu-  

l a r  j e t  c u r v e  h a d  t o  be s h i f t e d  s l i g h t l y  downward i n  

o r d e r  t o  d i s t i n g u i s h  t h e  two c u r v e s .  

A n a l - y s i s  of t h e  e x p e r i m e n t s  o f  T r u p e l ,  Z i m m ,  t h e  

Gottingham Aerodynamics I n s t i t u t e ,  Turkus,  and S y r k i n  

( r e f .  1) h a s  shown t h a t  f o r  R e y n o l d ' s  numbers  r a n g i n g  

from 20 ,000  (o r  where t h e  i n i t i a l  v e l o c i t y  d i s t r i b u t i o n  

becomes uni form)  t o  4 ,000 ,000  t h e  p l o t  of Um/Uo v e r s u s  

X/D f a l l s  on  t h e  same c u r v e ,  a n d  t h e  e n t r a i n m e n t  r a t e  

can be reduced t o :  

Q/Qc = f (X/D o r  X/B) 

As t h e  Reynold 's  numbers d e c r e a s e  and t h e  nonun i fo rmi ty  

i n  t h e  i n i t i a l  v e l o c i t y  d i s t r i b u t i o n  i n c r e a s e s ,  t h e  

a x i a l  v e l o c i t i e s  d o w n s t r e a m  of  t h e  j e t  s o u r c e  d e c a y  

more r a p i d l y .  The r e s u l t  i s  t h a t  t h e  volume f l u x  ra tes  

of t u r b u l e n t  j e t s  w i t h  a n  R e  o f  l ess  t h a n  2 0 , 0 0 0  a r e  

s m a l l e r  t h a n  e n t r a i n m e n t  r a t e s  of t u r b u l e n t  j e t s  w i t h  

u n i f o r m  i n i t i a l  p r o f i l e s .  I t  s h o u l d  be n o t e d  t h a t  t h e  

f o r r r u l a s  g i v e n  f o r  t h e  s l o t  a n d  s i n g l e  c i r c u l a r  j e t  

( t a b l e  1) a re  g e n e r a l l y  v a l i d  f o r  Reynold 's  numbers 

i n  excess of 20,000.  

The e n t r a i n m e n t  r a t e s  f o r  t h e  row of j e t s  requires t h e  
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addition of the nondimensional parameter that takes 

into account the jet spacing. The functional relation 

for the row of jets is therefore represented by: 

Q/Qo = f(X/D, S/D, initial velocity profile) 

Mary Mash, a graduate student at Case Institute of 

Technology, presented results for two spacing configu- 

rations (S/D = 5 and LO) for the row of jets. Her 

results are: 

.665 Q/Qo = (X/D) 

for S / D  = 5 ,  at Re = 5600, and 

Q/Qo = (X/D) ,692 

for S/D = 10, at Re = 7,000. These entra,nment rates 

are limited to an X/D range of 7 0  to 220. For X/D < 7 0 ,  

Nash found her experimental values for volume fluxes 

(for both S/D = 5 and 10) to be higher than the rate 

f o r  the single circular jet. A s  a result, she deemed 

her data valid only for X/D > 7 0 .  



Chapter 111 

EXPERIMENTAL METHOD 

The volume flux is determined at the jet source, 

Qo, and at cross sections 5, 10, 20, 30, 4 0 ,  and 5 0  cm. 

from the jet source. The volume flux, Z A Y  2 UiaveA Z, 

is found by integrating the velocity distributions that 

have been measured across the entire width of the jet 

afld from the midpoint between the central jet being 

surveyed and its neighbor underneath to the midpoint 

between the center jet and the neighboring jet above, 

as shown in figure 4 .  In all cases, the hot wire probe 

is oriented along the Y axis, 

3.1 Apparatus 

41 jet apertures, .3 inches on centeL, are drilled 

and reamed to .12 inches in diameter in a 2.25 x 3.3 x 1 

inch b 1 oc k of po 1 yv iny 1 c h 1 or ide. Th isspacing between 

adjacent jets gives an original S/D ratio of 2.5, with 

larger S/D ratios obtained by simply plugging ever 

other jet. The row of jets is mounted on an adjustable 

support, and is connected to a plenum chamber that 

evenly divides the flow from the compressor (supplied 

through 1 inch O.D. tubing) to each one of the aper- 

tures. 

The row of jets is bounded by a three sided enclo- 

8 
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sure (figure 5 )  that constrains the entrainment air to 

be drawn in along the 2 axis, and that prevents the 

flow from spreading along the Y axis. The setup not 

only approximates flow in a section of an infinite row 

Of jets, but prohibits the axial entrainment of air 

from behind the jet source. The enclosure is construct- 

ed out of quarter inch Plexiglas, glued together with 

thermal adhesive. 

A three foot diameter axial compressor supplies 

air to the plenum chamber through a Jamesbury valve 

used to adjust flow as read on a 2 8  cfm. full scale, 

Fischer-Porter rotameter. 

A three foot hot wire probe support is mounted on 

a three directional tracking mechanism that is powered 

along the Z and Y axis by Superior Electric M062-FD03 

stepping motors. The stepping motors are connected to 

screw and f o l l o w e r  mechanisms that drive the probe at 1 

inch per 16 shaft revolutions along the Z axis and at 1 

inch per 13 shaft revolutions along the Y axis. Opera- 

ting at 1.8 degree steps per pulse, the steppers are 

capable of moving the probe incremental distances which 

are on the order of the thickness of the hot wire probe 

diameter - .002 inches. Even at such small distances, 
the error due to hysterjsis in the fo l lower  mechanism, 

a double follower is employed in the Z direction 
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mechanism, whi1.e the weight of the probe mount assures 

no hysterisis along the Y axis (figure 6). Smooth 

tracking, resulting in minimal torque required from 

the stepping motors, is obtained by mounting the li; and 

Y axis traversing components on linear tracking bearings. 

A Tecmar Labmaster A/D board supplj.es the square 

wave pulses that are amplified by a single driver card 

which powers the stepper motors. A pulse rate of just 

under 4 G O  Fer second (the maximum a1 Lowable f o r  accu- 

rate operation of t h e  s t e p p i n g  motors) is generated by 

a timer source on the F to I3 board, and is in turn 

sated by a second timer that determines the duration of 

the square wave f o r m .  In this way,  the distance that 

the probe is moved can be contrclled by varying the 

duration set by the second or gating timer. 

The probe support is fixed to the traversing 

mechanism so that it moves the hot wire probe into the 

jet wake along the Z axis. This probe support orienta- 

tion places the traversing mechanism the farthest pos- 

sible distance from the jet, while minimizing the ob- 

struction that the probe support: itself introduces into 

the flow field of the jet. 

2.3 Instrumentation 

I! TSI model 1054B constant temperature linearized 

hot wire anemometer is paired with a model 1.210-20 hot 
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wire probe that produces a voltage signal- which is 

proportional to air speed. The analog voltage signal 

generated by the anemometer is then sampled by the 

Labmaster A/D board at a 50 hertz frequency, and pro- 

cessed by an IBM XT personal computer (256k with one 

hard and one floppy disk drive). 

A l l  p l o t s  are made OR a Eewlett-Packard 7 4 7 0 A  

plotter. 
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2.3 Experimental Procedure 

The initial volume and momentum fiuxes are experi- 

mentally determined at the exit of the jet nozzle 

through the establishment of a highly detailed velocity 

distribution across the jet nozzle. The hot wire probe 

sensor element is positioned at centerline of the jet, 

just inside the nozzle. The program is initialized, and 

the probe is positioned at .@03 inch increments across 

the mouth along the Z axis (from the jet centerline tc 

the nozzle w a i l )  of the jet for velocity readings. The 

values for Qo and Jo are calculated by the following 

f orrnulas: 

Qo = C. (Uiave) (Ai) 

Jo = E: (Uiave)2(Ai) 

Ai = 2 [R(i) 2 - R(i-1) 2] 

The volume flux found by integrating the initial velo- 

city profile is compared to the volume flux a s  indi- 

cated by the rotameter. 

Downstream cross sections at 5, 10, 20, 30, 4 0 ,  

and 50 cm. are surveyed by locating the jet ' boundary' 

using smoke tc visualize the flow, positioning the hot 

wire probe j u s t  outside the jet boundary, and initiali- 

zing a program that positions the probe at .@625 inch 

intervals across the jet wake in the Z direction until 

the probe is 1/4 inch outside the jet 'boundary' on the 



13 

otherside. The position of the probe is increnlented LIP 

in the Y direction by .075 inches and the 2 direction 

operation is performed again until the the probe has 

been moved up from the midpoint between the central jet 

and it neighbor below to the midpoint between the 

central jet and its neighbor above. The probe therefore 

sweeps out the area as shown in figure 4: where the 

area equals the distance from boundary to boundary 

times S. This procedure is repeated for a l l  cross 

sections, although in S / D  ratios of 10 and 2 0  the 

velocity grid is relaxed along the Y axis: to .15 inches 

at far downstrean c r o s s  sections. If, at any point in 

this operation, there is a question about the exact lo- 

cation of the jet 'boundary', the program is momentari- 

ly stopped and the flow field of the jet is again 

visualized using smoke. 

Having established values for the volume flux at 

the jet source and at the six downstream locations, 

functions of the form 

Q/QO = A(x/D)~ + B 
are determined by choosing the exponent, C, and then 

performing a least squares fit which determines the 

constants A and E.  



Chapter IV 

RESULTS 

The entrainment rates found for the four spacing 

ratios tested are presented in Table 2, along with the 

previously determined entrainment rates for the slot 

jet and the circular jet. Figure 7 is a graphical 

representation of the rates given in Table 2. Figures 8 

- llshowthe least squares fit ofthe entrainmentrate 
curves to the experimentally determined volume fluxes 

for each of the spacing ratios. As expected, the en- 

trainment rates increase monotonicai ly with increasing 

S / D ,  with small S / D  jet rows approaching the entrain- 

rrentbehavior of the slot jet and large S/D jet rows 

approching the entrainment behavior of the circular 

jet. 

The entrainment rates for the four spacing ratios 

are valid for X / D  greater than 10, because self-simi- 

larity in the velocity distributions generally begins 

at 10 nozzle diameters from the jet source (ref. 1). 

For S/D = 5 ,  10, and 20, the entrainment rates between 

X/D = 10 and lower value delineating the valid range 

for the use of the given rate formula may be calculated 

by using the entrainment rate formula for the circular 

jet. 

For each of the four spacing to nozzle diameter 

14 
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r a t i o s  t e s t ed ,  t he  upstream entrainment r a t e  approaches 

t h a t  of t h e  i n d i v i d u a l  c i r c u l a r  j e t ,  w h i l e  t h e  down- 

stream entrainment r a t e  approximates t h a t  of the  s l o t  

j e t .  

The l e a s t  s q u a r e s  f i t  f o rmulas  f o r  t h e  v e l o c i t y  

decay r a t e s  a r e  p r e s e n t e d  i n  t a b l e  3, and a r e  graph-  

i c a l l y  r e p r e s e n t e d  i n  f i g u r e  1 2 .  The v e l o c i t y  decay 

r a t e  formulas fo r  each of the  spacing r a t i o s  a r e  graph- 

ed aga ins t  the  measured v e l o c i t i e s  i n  f i gu res  13 - 1 C .  

The d e c a y  r a t e s  a l s o  v a r y  m o n o t o n i c a l l y  w i t h  

i n c r e a s i n g  S / D  between t h e  l i m i t i n g  c a s e s  of t h e  s l o t  

and c i r c u l a r  j e t ,  w i t h  t h e  decay r a t e  of t h e  s m a l l e r  

S/D row of  j e t s  approachin2  t h a t  of t h e  s l o t  j e t  and 

the  decay r a t e  of the  l a r g e r  S/D row of j e t s  approach- 

i n g  the  c i r c u l a r  j e t .  

The dimensionless p l o t s  of Q/Qo versus Z / Z  (1 /2Um)  

i n  figures 17 - 20 exhibit t h e  s e l f - s i m i l a r i t y  of t h e  

v e l o c i t y  d i s t r i b u t i o n s  recorded for  each of four spa- 

cing r a t io s .  

Summaries of d i r e c t l y  measured and c a l c u l a t e d  

q u a n t i t i e s  - l i s t i n g  v a l u e s  f o r  S, Qo, J o ,  Uo, Re, Urn, 

J r  and Q - a r e  given i n  t a b l e s  4 - 7. 

Figure 2 1  presents  a p l o t  of Q/Qo (experimental ly  

de te rmined)  v e r s u s  S / D  f o r  X/D = 65.6, 98.4, 131.2, and 

164. A l e a s t  squares curve is  f i t  t o  the  dimensionless 
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volume fluxes for each X/D in order to predict dimen- 

sionless volume fluxes for S/D's ranging from 2.5 to 

20. The X/D = 164 curve is proportional to (S/D)*65, 

the X/D = 131.2 curve is proportional to ( S / D ) * 6 0  , the 
X/D = 98.4 curve is proportional to (S/D)*55, while the 

X/D = 65.6 curve is proportioral to the square root Of 

S/D. The curves for X/D = 164 and 131.2 are proportion- 

al to S/D in the S / D  range between 2.5 and 10. 



CHAPTER V 

DISCUSSION 

The e a r l y  s t a g e s  o f  t h e  p r e s e n t  s t u d y  were s p e n t  

i n  a n  e f f o r t  t o  a s s u r e  t h e  p r o p e r  a l i g n m e n t  o f  t h e  j e t s  

f i r s t  w i t h  r e s p e c t  t o  e a c h  o t h e r  a n d  s e c o n d  w i t h  r e s -  

pect  t o  t h e  t r a v e r s i n g  mechanism t h a t  moves  t h e  h o t  

w i r e  p r o b e  a l o n g  e a c h  of t h e  t h r e e  a x e s .  M i s a l i g n m e n t  

i n  t h e  row of j e t s  i t s e l f  can  cause s i g n i f i c a n t  v a r i e -  

t i o n s  i n  c e n t e r l i n e  v e l o c i t y  and  volume f l u x  v a l u e s  f o r  

a s e c t i o n .  T h e s e  v a l u e s  w i l l  b e  l a r g e r  t h a n  t h o s e  f o r  

t h e  p e r f e c t l y  a l i g n e d  case i f  t h e  n o z z l e s  c o n v e r g e  i n  

t h e  X - Y p l a n e ,  w h i l e  t h e  c e n t e r l i n e  v e l o c i t i e s  a n d  

volume f l u x e s  f o r  t h e  d i v e r g e n t  n o z z l e s  w i l l  be  smaller .  

P r o b l e m s  g e n e r a t e d  by j e t  m i s a l i g n m e n t  were S O  

s e v e r e  t h a t  a n  o r i g i n a l  j e t  row as sembly  c o n s i s t i n g  o f  

d r i l l e d  and reamed t h r e a d e d  rod  t h a t  screwed i n t o  t a p -  

p e d  a luminum p l a t e  was d i s c a r d e d  i n  f a v o r  o f  a s o l i d  

b l o c k  of  aluminum i n  which j e t  a p e r t u r e s  were d r i l l e d  

a n d  reamed on a v e r t i c a l  m i l l i n g  mach ine .  A number o f  

j e t  row a s s e m b l i e s  were d r i l l e d  a n d  t e s t e d ,  e a c h  o n e  

s h o w i n g  b e t t e r  symmetry  i n  r e c o r d e 6  v e l o c i t i e s  a b o u t  

t h e  j e t  c e n t e r l i n e  a l o n g  t h e  Z a x i s  a n d  more  u n i f o r m  

p e r i o d i c i t y  i n  v e l o c i t i e s  m e a s u r e d  t h r o u g h  t h e  j e t  

c e n t e r l i n e s  a l o n g  t h e  Y axis .  Misa l ignmen t  was f u r t h e r  

r e d u c e d  by u s i n g  a b l o c k  o f  p o l y v i n y l c h l o r i d e .  The 

17 
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s o f t e r  p l a s t i c  reduced  d r i l l  o v e r  h e a t i n g  due t o  f r i c -  

t i o n  and r e q u i r e d  less l o a d  on t h e  d r i l l  t h e r e b y  redu- 

c i n g  d r i l l  d e f l e c t i o n  dur i r ,g  t h e  machining o p e r a t i o n .  

A f t e r  a l i s n i n g  t h e  f i n a l  row of  j e t s  assembly  w i t h  

t r a v e r s i n g  mechanism tests were per formed t o  d e t e r m i n e  

symmetry i n  v e l o c i t y  d i s t r i b u t i o n s  a b o u t  t h e  j e t  cen- 

t e r l i n e  and t o  d e t e r m i n e  p e r i o d i c i t y  of v e l o c i t y  mea- 

surements  t a k e n  th rough  t h e  j e t  c e n t e r l i n e s  a l o n g  t h e  Y 

a x i s .  F i g u r e  22 p l o t s  v e l o c i t y  measurenents  t a k e n  a l o n g  

t h e  Y a x i s  ( t h r o u g h  the j e t  c e n t e r l i n e s )  a g a i n s t  t h e  

j e t  c e n t e r l i n e s  - a s  r e p r e s e n t e d  by t h e  l i n e s  a l o n g  t h e  

o r d i n a t e .  T h e  S / D  = 5 case (shown i n  t h e  l o w e r  h a l f  o f  

t h e  g raph)  shows t h e  v e l o c i t y  d i s t r i b u t i o n  - a t  X/D = 

1 4  - f o r  1 3  c e r . t r a l  j e t s  o u t  of a 20 j e t  row. The  S / D  

= 10 case r e p r e s e n t s  t h e  v e l o c i t y  d i s t r i b u t i o n  - a t  X/D 

= 65.6 - f o r  t h e  7 c e n t r a l  j e t s  i n  a 1 2  j e t  row. Tes t s  

c o n d u c t e d  a t  X/D = 1 6 4  f o r  S / C  = 2.5, 5, a n d  1 G  r e s u l -  

t e d  i n  v e l o c i t y  d i s t r i b u t i o n s  ( e l o n g  t h e  Y a x i s )  t h a t  

a r e  uniform th roughou t  a c e n t r a l  11 i n c h  p o r t i o n  of  t h e  

1 3  i n c h  d i s t a n c e  f r o m  t h e  t o p  t o  b o t t o m  w a l l  o f  t h e  row 

of j e t  e n c l o s u r e .  

The re  is  a fundamenta l  d i f f e r e n c e  i n  t h e  v e l o c i t y  

p r o f i l e s  o f  t h e  s l o t  a n d  c i r c u l a r  j e t  a t  a n d  beyond 

Y/Y(1/2Um) = 21.85 s u g g e s t e d  i n  t h e  c o m p a r i s o n  o f  

f i g u r e s  23 and 24.  I n  b o t h  czses, t h e  t h e o r e t i c a l  c u r v e  
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d u e  t o  T o l l m i e n  p r e d i c t s  a g r a d u a l  d e c r e a s e  i n  a x i a l  

v e l o c i t y  from Y/Y(1/2Urc) = 2.0 u n t i l  it r e a c h e s  a v a l u e  

of z e r o  a t  Y/Y(1/2Um) = 2.5. For t h e  c i r cu la r  j e t ,  ex-  

p e r i m e n t a l  d a t a  i s  i n  e x c e l l e n t  a g r e e m e n t  w i t h  

To l lmien .  Expe r imen ta l  data  on t h e  s l o t  j e t ,  however, 

i n d i c a t e s  t h a t  b e t w e e n  Y / Y ( 1 / 2 U m )  = 1.6 a n d  1.85 a x i a l  

v e l o c i t i e s  a r e  p r e s e n t e d  o n l y  t o  .2  t o  . l ( u m ) ,  a f t e r  

w h i c h  n o  d a t a  appears  t o  e x i s t .  P o s s i b l e  r e a s o n s  f o r  

t h i s  w i l l  be  d i s c u s s e d  below. F i g u r e  25 shows q u a l i t a -  

t i v e l y  t h e  s t r e a m l i n e  p a t t e r n s  f o r  a c i r c u l a r ,  f r e e  

t u r b u l e n t  j e t .  A t  t h e  j e t  ' b o u n d a r y ' ,  marked  by  t h e  

broken l i n e ,  t h e  s t l e a r n l i n e s  v a r y  from n e a r l y  r a d i a l  t o  

n e a r l y  ax ia l  i n  d i r e c t i o n .  F a r t h e r  dcwnstrean!, t h i s  

s t r e a m l i n e  d i r e c t i o n  c h a n g e  i s  more  g r a d u a l .  T h e r e  

seems t o  be l i t t l e  documenta t jon  i n  t h e  l i t e r a t u r e  on 

s t r e a m l i n e  b e h a v i o r  f o r  t h e  s l o t  je t .  F i g u r e  26 i l l u s -  

trates t h e  results of f l o w  visualization ( u s i n g  smoke) 

f o r  row of j e t  s p a c i n g  t o  diameter  r a t i o s  of u p  t o  a n d  

i n c l u d i n g  S / D  = 1 0 ,  a n d  s t r o n g l y  s u g g e s t s  - a s  d o e s  

f i g u r e  2 3  - t h a t  t h e r e  e x i s t s  a p o i n t w h e r e t h e  a x i a l  

v e l o c i t y  d i s t r i b u t i o r i  goes  t o  zero .  

The f l o w  v i s u a l i z a t i o n  u s e d  i n  t h i s  s t u d y  i n d i -  

c a t e s  t h a t  t h e r e  is n o t  a m o n o t o n i c  decrease i n  a x i a l  

v e l o c i t i e s  t o  z e r o  (as  i n  t h e  case of t h e  c i r c u l a r  

j e t ) ,  b u t  r a t h e r  a r e g i o n  of o s c i l l a t o r y  flow, 2s w e l l  
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a s  b a c k  f l o w  a t  a f a i r l y  w e l l  i d e n t i f i e d  j e t  'boun-  

d a r y ' .  F u r t h e r m o r e ,  i t  h a s  b e e n  f o u n d  t h a t  t h e r e  i s  a 

c o r r e l a t i o r ?  between t h e  'boundary' and t h e  h o t  w i r e  

anenlometer v o l t a g e  ~ e s p o n s e  a t  t h a t  l o c a t i o n  i n  t h e  

f :c+  f i e l d .  L o o k i n g  a g a i n  a t  f i g u r e  2 6 ,  t h e  mean 

s t r e a m l i n e s  approach ing  and c r o s s i n g  t h e  j e t  'boundary' 

( d e l i n i t e d  by t h e  b r o k e n  l i n e )  z r e  r e p r e s e n t e d  by a 

smooth l i n e s  k7Fth b o t h  a r a d i a l  and a somewhat smaller 

n e g a t i v e  a x i a l  component. As t h i s  e n t r a i n e d  a i r  ap- 

p roaches  t h e  j e t  'boundary',  t h e  back f l o w  i n t e n s i f i e s  

u n t i l  i t  becomes p a r a l l e l  t o  t h e  ' b o u n d a r y ' .  The back 

f l o w  t h e n  ceases - as  shown i n  f i g u r e  26 - o s c i l l a t e s  

back a n d  f o r t h  a l o n g  t h e  X a x i s  w i t h  no  n e t  a x i a l  

v e l o c i t y  and w i t h  o n l y  a v e r y  smal l  r a d i a l  v e l o c i t y .  A t  

t h i s  p o i n t ,  V i  r e c o r d i n g s  drop from a x i a l  v e l o c i t i e s  of 

a p p r o x i m a t e l y  2 fp s .  t o  r e a d i n g s  t h a t  f l u c t u a t e  between 

1 . 5 t o  .8 fps.. T h i s  r e p r e i e n t s  t h e  z o n e  j u s t  o u t s i d e  

t h e  j e t  'boundary'  where no n e t  a x i a l  v e l o c i t y  ex is t s .  

Because t h e  anemometer v c l t a g e  s i g n a l  r e c o r d s  o n l y  t h e  

magnitude of t h e  v e l o c i t y  and n o t  t h e  c ' i r e c t i o n ,  a n  ap-  

p a r e n t  n e t  v e l o c i t y  i s  i n d i c a t e d  when i n  f a c t  none  

e x i s t s .  As t h e  p r o b e  moves  f a r t h e r  o u t  f r o m  t h e  j e t  

a x i s ,  V i  r e a d i n g s  r i s e  a g a i n  t o  1 .2  t o  1.8 fps . .  T h e s e  

s l i g h t l y  h i g h e r  r e a d i n g s  show no f l u c t u a t i o n  and repre- 

s e n t  t h e  z o n e  i n  w h i c h  t h e  back  f l o w  o f  t h e  e n t r a i n m e n t  
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a i r  s u d d e n l y  i n t e n s i f i e s .  Beyond t h i s  z o n e ,  v e l o c i t y  

r e a d i n g s  f a l l  back t o  u n d e r  1.0 fps .  f r o m  w h i c h  t h e y  

s l o w l y  decrease 8s t h e  p robe  c o n t i n u e s  t o  move o u t  from 

t h e  j e t  a x i s .  

The v e l o c i t y  d i s t r i b u t i o n s  shcwn i n  f i g u r e s  1E - 
52B r e p r e s e n t  t o t a l  v e l o c i t i e s .  W i t h i n  w h a t  h a s  b e e n  

termed t h e  j e t  'boundary',  f low v i s u a l i z a t i o n  h a s  shown 

tha t  t h e  v e l o c i t i e s  a r e  a x i a l .  For t h e  X/D l o c a t i o n s  of 

65.6 o n l y  v e l o c i t y  p o i n t s  w i t h i n  Y/Y(1/2Um) = 2 1.85 

a r e  summed o v e r  thei.r r e s p e c t i v e  area t o  y i e l d  2 volume 

f l u x .  F a r t h e r  downstream, t h e  Y/Y( l ]2Um)  bounds s h r i n k ,  

u n t i l  a t  X/D = 1 0 4  o n l y  t h e  v e l o c i t y  p o i n t s  w i t h i r .  

Y/Y(1/2Um) = 2 1.6 a re  i n c l u d e d  i n  t h e  a x i a l  v e l o c i t y  

d i s t r i b u t i o n .  S i n c e  t h e  downstream f l o w  b e h a v i o r  of  t h e  

row o f  j e t s  a p p r o a c h e s  t h a t  of t h e  s l o t  j e t ,  i t  i s  

encourag ing  t o  n o t e  t h e  v e r y  c l o s e  co r re spondance  bet-  

weer. the v e l o c i t y  distribution cutoffs - as i d e n t i f i e d  

by t h e  flow v i s u a l i z a t i o n  used i n  t h i s  s t u d y  - and t h e  

e x p e r i m e n t a l  d a t a  on t h e  s l o t  j e t  f r o m  p r e v i o u s  re-  

s e a r c h .  I n  t h e  same way, t h e  c u t o f f  p o i n t s  f o r  t h e  X/D 

= 16.4 a n d  32.8 c r o s s  s e c t i o n s  a r e  a p p r o x i m a t e i y  a t  

Y/Y(1/2Um) = 2.6 a n d  a t  Y / Y ( 1 / 2 U m )  = 2.2 r e s p e c t i v e -  

l y .  I n  t h e  case  o f  t h e  more  c l o s e l y  packed row o f  j e t s  

- where s t r e a m l i n e  b e h a v i o r  approaches  t h a t  of t h e  s l o t  

j e t  - it i s  easier t o  i d e n t i f y  t h e  c h a r a c t e r i s t i c  s i g -  
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nature  r eco rded  by t h e  anemometer because t h e  back f l o w  

a n d  o s c i l l a t i n g  f l o w  a t  t h e  ' b o u n d a r y '  a r e  more p r o -  

nounced t h a n  i n  t h e  case of t h e  l a r g e r  S/D row of je ts ,  

whose stream1 i n e  b e h a v i o r  approaches  t h a t  of t h e  c i r c u -  

l a r  j e t .  

F i g u r e s  27 - 35 d i s p l a y  t h e  flow b e h a v i o r  of e n -  

t r a i n e d  a i r  a2 i t  i s  drawn i n  t o w a r d s  t h e  j e t  axes .  I n  

e a c h  of t h e  f i g u r e s ,  t h e  row o f  j e t s  i s  on t h e  f a r  

r i g h t  hand  s i d e  o f  t h e  p h o t o g r a p h s .  T h e  l i n e  o f  s i g h t  

is almost a t  a r i g h t  a n g l e  t o  t h e  j e t  a x i s , a n d  a b o u t  6 

i n c h e s  b e l o w  t h e  l e v e l  a t  w h i c h  t h e  smoke i s  b e i n g  

i n j e c t e d .  The l o c a t i o n s  of t h e  smoke tests i n  t h e  j e t  

flow f i e l d  a r e  i n d i c a t e d  i n  f i g u r e  26:  f o r  t h e  X/D = 3 0  

l o c a t i o n s ,  smoke is  i n j e c t e d  i n t o  t h e  j e t  as  marked by 

cl l"r  a n d  f o r  X/D = 1 2 0  a s  marked  by "2". O n l y  f o r  t h e  

c i r c u l a r  j e t  ( f i g u r e  25) is  t h e  back f l o w  - t h a t  chara- 

c t e r i z e s  t h e  e n t r a i n m e n t  f l o w  f o r  t h e  row o f  j e t s  - 
a b s e n t .  Even  a s  f a r  u p s t r e a - n  a s  X / D  = 32.8, t h e  S / D  = 

20 row of jets e x h i b i t s  a v e r y  s l i g h t  back f l o w ,  w h i l e  

f a r t h e r  downstream ( a p p r o x i m a t e l y  X/D = 120)  where s i g -  

n i f i c a n t  mixing between t h e  j e t s  h a s  begun t h e  e n t r a i n -  

r e n t  a i r  is  s l o w l y  o s c i l l a t i n g  a l o n g  t h e  X a x i s  w i t h  a 

smel l  n e t  back f l o w .  As t h e  S / D  r a t i o  d e c r e a s e s ,  t h e  

s t L e n g t h  o f  t h e  back  f l c w  - b o t h  Rear u p s t r e a m  a n d  

downs t r eam - i n c r e a s e s .  C o m p i l a t i o n  o f  d a t a  on t h e  
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i n i t i a l  momenturn f l u x  a n d  i t s  v a l u e s  f o r  downstrearr .  

c r o s s  s e c t i o n s  of  a row of j e t s  s u g g e s t s  i n s t e a d  t h a t ,  

because v e r y  n e a r  u p s t r e a n !  v a l u e s  a n d  f a r  downs t r ean !  

v a l u e s  of J c a n  v a r y  by a s  much a s  5 - 1 0 %  f r o n  J o ,  

a d j u s t i n g  t h e  volume f l u x  t o  co r re spond  w i t h  d i s t r i -  

b u t i o n  t h a t  y i e l d  a g r e e m e n t  w i t h  J o  w o u l d  s e r i o u s l y  

i n f l a t e  t h e  n e a r  upstream and f a r  downstrean, v a l u e s  of 

0. F u r t h e r m o r e ,  t h e  e x i s t e n c e  o f  backward  e n t r a i n m e n t  

f l o w  a l o n g  t h e  boundary of  t h e  j e t  would i n d i c a t e  t h a t  

t h e  a s s u m p t i o n  upon w h i c h  t h e  c o n s e r v a t i o n  o f  a x i a l  

momentum i s  founded - i.e. t h a t  t h e  p r e s s u r e  everywhere  

i n  t h e  f l o w  f i e l d  i s  u n i f o r m  a n d  a m b i e n t  - i s  n o t  

e n t i r e l y  t rue .  T h i s  s t u d y  e t r o n g l y  s u g g e s t s  t h a t  pres- 

s u r e  d r i v e n  f l o w s  a r e  i n  e v i d e n c e  a t  t h e  b o u n d a r y  o f  

t h e  row of  j e t s ,  and t h a t  c o n s e q u e n t l y  t h e  c o n s e r v a t i o n  

o f  a x i a l  momentum c a n n o t  be r e l i e d  upon t o  f u r n i s h  a 

cutoff fo r  the a x i a l  v e l o c i t y  profile. 

A t  S / D  = 2.5 a n d  5 t es t s ,  the i n i t i a l  v o l u m e  f l u x  

a s  c a l c u l a t e d  by i n t e g r a t i n g  t h e  i n i t i a l  v e l o c i t y  p ro -  

f i l e  c o r r e s p o n d e d  t o  t h e  v o l u m e  f l u x  as  r e a d  by t h e  

r o t a m e t e r  t o  w i t h i n  2%. T h i s  excel. lent agreement  b roke  

down i n  t h e  S / D  = 1 0  a n d  20 t e s t s  when h i g h e r  p l e n u m  

chamber  p r e s s u r e s  a p p a r e n t l y  r e s u l t e d  i n  l e a k s  t h a t  

caused r o t o m e t e r  r e a d i n g s  t o  i n d i c a t e  volume f l u x e s  u p  

t o  1 0 %  h i g h e r  t h a n  t h o s e  ca l cu la t ed  by i n t e g r a t i n g  t h e  
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i n i t i a l  v e l o c i t y  p r o f i l e .  No other  explanat ion is  read- 

i l y  a v a i l a b l e ,  s i n s e  c a l i b r a t i o n  of t h e  rotameter ind i -  

c a t e d  p e r f e c t  l i n e a r i t y  i n  i t s  0 t o  2 8  cfm. readings .  

Because of t h e  p o s s i b i l i t y  of s m a l l  l e a k s  and t h e  6 %  

inaccuracy assoc ia ted  w i t h  reading t h e  rotameter, t h e  

i n i t i a l  volume f l u x  a s  c a l c u l a t e d  by i n t e g r a t i n g  t h e  

i n i t i a l  v e l o c i t y  was r e l i e d  upon a s  pr imary informa- 

t i o n .  

The r e s u l t s  ( g i v e n  i n  t a b l e  2 )  i n d i c a t e  t h a t  t h e  

entrainment f o r  the row of j e t s  behaves l i k e  the  c i rcu-  

l a r  j e t  i n  t h e  nea r  UFStreani, w h i l e  behaving  l i k e  t h e  

s l o t  j e t  downstream. The ' t r a n s i t i o n '  point ,  marked by 

t h e  conjunction of t h e  c i r c u l a r  j e t  entrainment curve 

and t h e  curves t h a t  a r e  propor t iona l  t o  t h e  square root 

of X/D, cor re sponds  t o  an X/D a t  w h i c h  t h e  j e t s  have 

mixed s u f f i c i e n t l y  s o  t h a t  a l l  v e l o c i t i e s  along t h e  

Y a x i s ,  th rough t h e  j e t  c e n t e r l i n e s  at: t h a t  s e c t i o n ,  

a r e  a x i a l .  U s i n g  d a t a  on t h e  j e t  wid th  growth from t h e  

c i r c u l a r  j e t  t e s t s  t o  p r e d i c t t h e X / D a t w h i c h t h i s  j e t  

mix ing  would take  p l ace  fo r  each of t h e  spacing r a t i o s ,  

excel lent  coirespondance W ~ S  found between t h e  experi-  

menta l  and p r e d i c t e d  v a l u e  of X / D  a t  w h i c h  t h e  j e t  

'boundaries '  c r o s s .  T h e  p r e d i c t e d  v a l u e  i s  w i t h i n  1 0 %  

of t h e  experimental  value.  

, '  
I .  



CHAPTER VI 

RECOMMENDATIONS 

The following general recommendations concerning 

experiments on arrays of jets are based on the exper- 

ience resulting from the experiments of this study. 

The use of a three sensor probe anemometer would 

facilitate velocity measurement sinse it records the 

instantaneous direction as well as the speed of a flow. 

F l o w  visualization techniques should be employed 

frori the outset of the study so that velocity measure- 

ments may be interpreted in light of a previous under- 

standing of general flow characteristics. 

Extreme care must be taken in aligning the jets 

with respect to each other and with respect to the 

traversing mechanism. 

Finally, it is useful to work with initial velo- 

c i t y  profiles sinse entrainment rates found will gene- 

ralybevalidover awide rangeof Reynold'snumbers in 

which the initial velocity profile is uniform. 

25 
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W O O  - .62- 

TABLE 1: Turbulmnt jmt rates from prmviour 
stUdi.8 (rrf. 2.7, and 9) 

k / U o  = 2.28- 

Jot Typo 

W O O  - .32 (X/O) 

O/Oo - (X/OY 665 

o/ao - <X/O)' 692 

~ 

Slot Jot 

UdUo 6.2 <O/X) 

Um/Uo = . 2 4  <MIo l7 

uI/uo - . 7 4  torx). 

Circular Jet 

Row 09 Jots 
s/o - 5 

Row of Jet8 
S/D - 10 

Entrainment Contorline 
Vmlaci t y  
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S/O Rm Entrainrant Rata Ranga 
tX/O) 

Slot o/oo - .=En 
Jot *.f. 2) - 

TABLE 2: Entrainrmt Ratar 

SI70 WOO - #/o * .24 le. 4-164 

I- 
8800 

9730 

2070 

WOO 1.261x/Q * .44 18.4-184 

9/90 - 1.72 Ix/11 * .74 3e- I e4 

Q/Qo - 2.44 I)Tia * .13 60- 164 

C i r t u l o r  
Jot 

1 I 

I I 
O/Oo - .32 (X/D) 

Crof. 2) 

997 

- 
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Um/Uo - 1.53 <D/X)' 55 +. 0030 

TABLE 3s Canterlina Valocity Ratae 

16.4- 164 .999 2.5 si711 7- 
~ 

UdUo - 3.65 <D/X>' -. 0169 

Um/Uo - I. 36 <D/X)' 6o -. 0068 

16.4-66 - 998 

32.8-164 .999 

I 9730 

10 9730 

Velocity Dacoy Rata 

Um/Uo - 5.21 <D/X)' 95 -. 0079 16.4-66 .998 

20 12070 

Um/Uo - 2.39 <D/X)' +. 0060 65.6-164 .998 I I I  
Un/Uo = 4.77 <D/X)' 95 -. 0030 16.4-164 .999 
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32.8 

65.6 

98.4 

131.2 

164 

TABLE 41 Summary o f  Data  f o r  S/D = 2.5 

18.79 .448 .035 

12.58 .430 . 050 

10.14 .414 .058 

9. 32 .434 .067 

7. 92 .417 .074 

- 



30 

J 
I 
1 

X/D I Um I 

16. 4 1 4 4 . ~ 1  j .9Q5 
I 
I 

I 

TABLE 5: Summory o f  Data for S/D 5 

I Q f 
---7 
- 

! 

-- 
. OS4 

1 

: 

S/D = 5 

I 
I 

-050 -010 1. 07 142.5 8800 
I I 1 1 I I 

I 

1 .147 1 

1 ---1 

I 10.07 I 1.04 
1 

I i 131.2 

I I 

164 i 8.98 j 1.00 I . 163 I 



31 

TABLE 61 Summary of  Data for S/D - 10 

98.4 10.36 1.3s .203 

131.2 6. 40 1.30 ,228 

164 7.52 1.30 .253 
i 
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1 I 

, X/D Urn J I Q I 

S Qo Jo uo 
1 
I 

----d 
I . -+ 

-200 

-- 

-_ -!--------I 

TABLE 7: Summary o f  Ooto f o r  S/D - 20 

I 
! 16.4 
! 

I 
[ 32.8 

-1 64.89 , 1.90 ,068 

33.44 1 2.20 I . 135 
i 

I 

164 ’ 7.29 I i 2. 11 I . 409  1 
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FIGURE 1 s  Definition o f  coordinatae 
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FIGURE 2: Variation of velocity on the axie 
of a circular jet (ref. 1) 

A 
0 1 I I I 

FIGURE 3: The dependence of the coefficient o f  

velocity profile (ref. 1) 
etructure o f  a jet. a. on the initial 
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FIGURE 41 Area over which velocity 
distribution is integrated 
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F I G U R E  5: Row of jets, enclosure, and smoke nozzle 
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FIGURE 6r Row of jets. oncloeure. and 
troveraing mechaniem 
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FIGURE 8 8 Entrainment ro te  for S/D - 2.5 
learnt rquarrr fit to data 
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FIGURE 9 8 Entrafnnant rata f o r  S/D 5 
leart rquarer fit to data 



41 

4a 

20 

10 

0 
0 40 80 120 160 200 

X/D 

FIWRE 101 Entrainment rats for S/D = 10 
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FIGURE 11: Entrainaant roto  for S/D - 20 
leort rquwom fit to data 
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FIGURE 141 Velocity decoy rote for S/D = 5 
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FIGURE 238 
a1 turbulent jet; Mearuremente due to Foerthmann 
Curve 1 due to theory o f  Tollmien Crmf. 10 . p. 747) 
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FIGURE 2 5  Streamline pattern For 
c i rcu 1 or Jmt  
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FIGURE 27 Smoke test for circular Jet 
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'FIGURE 28s Smoke test  f o r  S/D = 20 
a t  X/D - 30 
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F I CURE 298 Smoke test for S/D - 20 
at X/D 0 120 
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FIGURE 381 Smoke teat for S/D - 10 
ot  X/D - 30 
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FIGURE 318 Smoke test for S/D * 10 
at X/D = 120 
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FIGURE 32, Smoke test for S/D - 5 
at X/D - 30 
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FIGURE 33: Smoke teat f o r  S/D 5 
at X/D - 120 
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FIGURE 34s Smoke tost f o r  S/D - 2.5 
at X/D = 30 
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FIGURE 3 5  Smoke test f o r  S/D - 2.5 
at X/D = 120 
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APPENDIX A 

E r r o r  D u e  t o  Exper imen ta l  Apparatus 

The  e a r l y  s t a g e s  of t h e  p r e s e n t  s t u d y  were s p e n t  

i n  a n  a t tempt  t o  m i n i m i z e  t h e  e f f e c t s  of m i s a l i g n m e n t  

o f t h e j e t n o z z l  es f i r s t  w i t b  r e s p e c t  t o e a c h o t h e r  a n d  

second w i t h  r e s p e c t  t o  t h e  t r a v e r s i n g  mechanism which 

nicves t h e ” h o t  wire prcbe a l o n g  e a c h  of t h e  t h r e e  axes .  

M i s a l i g n m e n t  i n  t h e  row of  j e t s  i t s e l f  r e s u l t s  i n  

nlcin:entum Ic::&es t h a t  - w h i l e  d i f f i c u l t  t o  q u a n t i f y  - 

a ~ e  ilrdoul:lte6l.y v e r y  s i g n i f i c a n t .  Because of t h e  pro- 

b l e m s  g e n e r a t e d  b y  j e t .  m i s a l i g n m e n t ,  a d r i l l e d ,  

t h r e a d e d  roi i  a n d  t a p p e d  a l u m i n u m  p l a t e  a s se r i ib ly  was 

d i s c a r d e d  i n  f a v o r  of a s o l i d  block of p o l y v i n y l c h l o -  

r i d e  i n  which j e t  aper tures  were d r i l l e d  and  reamed on 

a v e r t i c a l  mi1.i.ing machine. 

The  l e n g t h  o f  t h e  L O W  of  j e t s  i n t i o d u c e s  a n o t h e r  

p roblem i n  E O  f a r  a s  t h e  s t u d y  i s  i d e a l l y  o n e  of a n  

i n f i n i t e  row of  j e t s .  L i m i  t a t j  o n s  i n  compres!: c r  f 3 ow 

r a t e s  i n  t u r n  l i m i t .  t h e  l e n g t h  of  t h e  j e t  row, s i n s e  a 

niininiurr: t u r b u l e n t  Reynold’s  number must be ma in ta ined .  

Ccnsequen t ly ,  bar r ie rs  were i n t r o d u c e d  a t  e i t h e r  end of 

t h e  row of j e t s  t o  prevent :  s p r e a d i n g  a l o n g  t h e  Y a x i s .  

The u n f o r t u n a t e  s i d e  e f f ec t  of t h e  e n c l o s u r e  i s  t h a t  i t  

i n t r o d u c e s  a shea . r ing  force a t  t h e  w a l l s .  I n  a n  attempt 
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t o  d e t e c t  a n y  i n f l u e n c e  t h a t  t h e  w a l l s  n , i y h t  h a v e  on  

t h e  c e n t r a l  p o r t i o n  of t h e  f l o w ,  t h e  h o t  t r j  r e  p r o b e  w a s  

s t a t i o n e d  a t  a l o c a t i o n  f a r  enough downstream t h a t  t h e  

f l o w  was e s s e n t i a l l y  two d i m e n s i o n a l .  The  p r o b e  was 

t h e n  t r a v e r s e 6  u p 7 e r d  f rom t h e  bclttom t o  t h e  t o p  w a l l  

f o r  t h e  S / D  row s y e c i n g  o f  2.5 and  5. I n  b o t h  c a s e s s I  

the  v e l o c i t i e s  m e a s u r e d  i n  t h e  c e n t r a l  r e g i o n  of  t.he 

e n c l o s u r e  showed no  t e n d e n c y  t o  l i e c r e a s e  a s  t h e  p r o b e  

e p p r o a c h e d  e i t h e r  w a l l ,  f a 1  l i n g  w i t h i n  t he  s t a n d a r c 3  

d e v i a t i c p  a s  c a l c u l a t . e d  f o r  t h a t  c e n t e r l i n e  v e l o c i t y .  

E r r o r  i n  E i r e c t l y  Measures Va-rizklers 

The  Z i r e c t l y  m e a s u r e d  q u a n t i t i e s  a r e  t h e  a x i a l  

1 . o c a t i o n  of  t.he p r o b e  f r o m  t h e  j e t  source a.nd trhe 

n.oz.zIe d i a m e t e r  of t h e  j e t .  The downstream p o s i t i o n  of 

t h e  probe ,  Z, is  measured on a sca le  w i t h  a r e s o l u t i o n  

o f  .0625 i n c h e s ,  w h i l e  t h e  d i a m e t e r  of  t h e  j e t  n . o z z l e  

i s  presumed t o  be w i t h i n  .0001 i nches .  

The Z a n d  Y l o c a t i o n s  o f  t h e  p r o b e  a r e  r!ever. 

e x p l i c i t l y  t a k e n  i n t o  a c c o u n t .  I t  i s  as sumed  t h a t  t h e  

r e ! . z t i v e  p o s i t i o n i n g  of t h e  p r o b e  d u e  t o  t h e  s t e p p e r  

o p e r a t i o n  o f  t h e  t r a v e r s i n g  mechanism i s  a c c u r a t e  t o  

w i t h i n  5 %  of  t h e  l a s t  step, o r  5 %  of 1.8 deg rees .  1/200 

of a r e v o l u t i o n  o f  a 1 6  t h r e a d  p e r  j n c h  s h a f t  r e s u l t s  

i r r  t h e  l i n e a r  t r a v e l  o f  .0003 i n c h e s ,  w i t h  5 %  of  t h a t  
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value  being neg l ig ib l e .  

Error i E  Calculated Variables 

F.ecause t h e  ho t  w i r e  probe i s  c a l i b r a t e d  a t  a 

e i v e n  t empera tu re ,  i t  is no t  s t r i c t l y  s d i r e c t l y  mea- 

s u r e d  v a r i a b l e .  A l degree  F a h r e n h e i t  change i n  t h e  

temperature from t h e  7 2  degree c a l i b r a t i o n  temperature 

of t h e  probe r e s u l t s  i n  a . 54  e r r c r  i n  t h e  anemometer 

reading.  Given a 1 degree  F a h r e n h e i t  r e s o l u t i o n  i n  

reading the  s c a l e  011 ar. a l coho l  thermometer, t h e  r e l a -  

t i v e  e r i o r  i n  t h e  v e l o c i t y  reading is  .5%. Coupled w i t h  

.58 re l .a t ive  e r r o r  assoc ia ted  w i t h  t h e  bridge v o l t a g e  

cal ibrat ior!  u s i n g  a micrononometer t o  read wind t u n n e l  

flow speeds and a 2% r e l a t i v e  e r r o r  assoc ia ted  w i t h  t h e  

l i n e a r i z a t i o n  of t h e  bridge output,  the t o t a l  r e l a t i v e  

e r r o r  f o r  v e l o c i t y  readings i s  3%. 

The i n t e r n a l  e r r o r  for  [ T i ,  or  i t s  standarc3 devia- 

t i o n  of t h e  nieafi 

S . D .  = [x { ( v i  - U )  / 199(200))] 

i s  found t o  be 2 % .  A t  t h e  jet. s o u r c e ,  t h e  s t a n d a r d  

devia t ion  is found t o  be less than 1.3%. 

T h e e r r o r  i n Q / Q o d u e t o  r ead ing  e r r o r  i s  a d d i t i v e  

zipce the  anemometer was used t o  determine each quant i -  
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t y .  The e x t e r . n a l  e r r o r  a l o n e  t h e r !  . is  6%.  T h e  j n t e r n a l .  

e r r o r  i n  Q/Qo i s  z l s o  a d d i t i v e ,  f o r  t h e  same reasol?. 

Fcr. S/D = 2.5, 5 ve1ocj.t.y Gistrihut-ions were c'etermined 

a t  each s e c t i o n ,  g i v i n g  a n  i n t e r n a l .  e r r o r  of 2 8 / 5  = 

. 4 % .  T h i s  f i g u r e  i s  adde6 t o  1.38 i n t e r n a l .  e r r o r  f o c n d  

i n  t h e  c a l c u l a t i o n  of Eo t o  g i v e  a t o t a l  i n t e r n a l  e r r o r  

of 1 . 7 % .  Added in quadrature t o  the  ex terna l  e r r o r ,  t h e  

t o t a l  e r rGI  i n  Q/Co f o r  S/D = 2.5 i s  6.3%. For S/D = 5, 

1.0, and 20  a min:i.murr! of 8 v e l o c i t y  d i s t r i b u t i o n s  were 

c?e ta .b l i shed  a t  each s e c t i o n ,  r e s u l t i n s  i n  a total i n -  

~ . E . L ~ : _ E L  e r r o r  of 1 . 6 %  f o r  @/Go. P . g a i n  t h e  i n t e r n a l  a.nd 

e x t e r n a l  e r r o r s  a r e  added i n  quadra . ture  t c  y i e l d  B 

t o t a l  errGr of 6.2% 

The entrainn!ent:  PormulaE a l e  dependent on  X/C a s  

w e l l  a s  Q/Qo, and a t  t h e  nea r  downstream s e c t i o n s  O f  

16 .4  and 32.8 t h e  3 %  a.nd 3.5% r e l a t i v e  e l r o r s  i n  X/D 

must be added in quadrature t o  give the respective 

t o t a l  e r r o r s  Gf 7 %  an6 6.?%, a l l  other  s ec t ions  r e t a i n -  

inc ;  t h e  same v a l u e  f o r  the  t o t a l  e r r o r  because of t h e  

d j . r i i j . p i . s k l . j r ~ ~  i . e l a t j . v e  e r r o r  Sn x/n i n  d o w n s t r e a n  s e c -  

t j  CFE. 
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V e l o c i t y  magnitude d i s t  I i G v t  i ons  

The 2 r a p h s  presentec2 i n  th is  apperi6j.x l e p r e s e n t  

t h e  v e l o c i t y  magpitude d i s t r i b u t i o n E  from which t h e  

volume f l u x e s  a r e  ca l cu la t ed .  Center l ine  v e l c ; c j . t y  8is- 

t r ibut ionE (Y/S = .5) a r e  given f o r  a l l  sec t ions ,  while  

v e i o c i t l  C i s t r  ibut ions taken at: interriiediate locatioriz 

L,etween z(!jacer).t j e t s  a r e  ir:cZ u d e d  for sect::i.ons i n  

vl’)ich flcw is  s t i l l  essentSc.3 J y  t h ree  dimensional. 

The c,.raphs g : l o t .  6 di.r,icnsscc;n1.ess v e l o c i t y  (U/UO) 

cgains t  P dimensionless di.star?ce fron; the j e t  center-  
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